A B S T R A C T Frozen sections prepared from human aortic tissue containing fatty streak lesions were examined on a thermally controlled stage with a polarizing light microscope. Distinct birefringent droplets, 0.5-5 Am in diameter, were observed, many apparently aggregated into clusters. The clusters were about 20 X 20,m in diameter (the approximate size of foam cells).
INTRODUCTION
The process of accumulation of cholesteryl esters in the foam cell droplets of fatty streak atherosclerotic lesions is not well understood. We have devised a technique to observe lipid compositional differences This work was part of the doctoral thesis of G. M. Hillman (1) . A preliminary abstract of this work has been reported (2) .
Received for publication 10 October 1975 and in revised form 28 June 1976. at the light microscopic level in the hope that knowledge of the distribution of compositional differences in the lesion may reveal details of this process. In visible fatty streak lesions, most of the accumulated lipid is found in droplets 0.5-5 Aum in diameter. We showed, in a separate paper (3) , that the molecules of many of the droplets are organized into the liquidcrystalline smectic mesophase and that this phase melts in a thermotropic order-to-disorder transition near body temperature. The transition temperature of each droplet depends on its chemical composition and may be observed as a specific thermotropic change in the birefringent pattern of the droplet as seen in a polarized light microscope. In this paper we present a study designed to exploit the composition-dependent transition temperature to map droplet compositional differences in fatty streak lesions in situ.
Earlier compositional studies have involved gross chemical analysis of the lipid fractions from lesions. For instance, Smith and Slater extracted and analyzed the lipid from regions obtained by microdissection of raised fatty atherosclerotic plaques (4) . These studies revealed compositional differences between regions rich in extracellular deposits and regions containing mainly intracellular droplets, but more refined characterizations were limited by dissection technique and quantity of material. In our approach the droplet melting behavior in frozen sections of fatty streak material was examined on the thermally controlled stage of a polarized light microscope. The spatial distribution of droplet melting temperatures revealed organizational principles not previously noted. Similarities in the composition of lipid droplets within cells and differences in the composition of droplets between cells suggests mechanisms involved in the process of lipid accumulation. Furthermore, this study suggests that there may be different stages of lipid accumulation in the lesion that can be characterized by the degree of droplet compositional The journal of Clinical Investigation Volume 58 October 1976-1008-1018 variability within the lesion. Our approach permits an investigation of these issues.
To begin our investigation, the questions we have posed concern the distribution of compositional differences in the lipid droplets of fatty streak lesions at different levels of organization. The levels chosen for study were the individual droplets, the cell boundary, the lesion boundary, and the individual aorta. At each level of compartmentalization it was asked whether the composition of the droplets were relatively uniform with respect to that level and whether observed differences were real or coincidental.
METHODS Source of material. The aortas from five individuals were obtained at autopsy. The age, sex, and cause of death for each individual are specified in Table I . No specimens were taken at autopsies performed more than 24 h after death. Immediately after removal from the body, the tissue was placed in an 0.9% NaCl solution. In two cases it was immediately removed from the saline for dissection. For the rest of the cases it was stored for no more than a few hours at 4°C and then dissected.
The (3) , each lesion examined in this study was identified both macroscopically and microscopically as a fatty streak.
A control experiment. To assess the effects of the freezing techniques, a sample was carried through the entire preparative procedure and monitored at different points by X-ray diffraction and light microscopy. The X-ray diffrac1The criteria used to define fatty streak regions are presented in a separate paper (3) . ' Buffer A: 0.155 M NaCl and 0.1 M Na2PO4, titrated to pH 7.4 with HCl. 3) . X-ray diffraction will reveal structural changes in the lipid or the appearance of new structures. An intima-media preparation containing fatty streak material plus a drop of buffer A was sealed in a capillary and examined by X-ray diffraction at 31°C. The sample exhibited the characteristic cholesteryl ester smectic phase pattern (3) . When the sample was heated to 37°C, the intensity of the (35 A)-1 line diminished considerably, indicating that much of the diffracting material had melted. The sample was removed from the capillary and quick-frozen in a beaker of hexane-dry ice bath. After 1 min, the frozen tissue was removed from the beaker with cold tweezers and placed on dry ice for 45 min, simulating the time spent in the cryostat. Then it was thawed to room temperature, resealed in a thin-walled capillary along with a drop of buffer A, and re-examined by X-ray diffraction at 24.40C. The characteristic (35 A)-1 low-angle Bragg reflection reappeared. However, a few faint Bragg reflections not observed before also appeared at smaller spacings, indicating that the sample may have begun to crystallize. These crystals could be brought into the smectic state by the appropriate thermal treatment (seebelow). A block of tissue was cut from the same aortic specimen and frozen sections were prepared from it. Most of the droplets melted between 36°C and 40°C, in good agreement with the X-ray studies done before the freezing step. The microscope and temperature-controlled stage. A polarized light microscope with a specially-built temperature-controlled stage was used to study the heterogeneity in the phase transition temperatures of lipid deposits at the cellular level. Frozen sections were observed on a Zeiss RA microscope with a 40X achromat dry objective and 12.5 X Kpl eyepieces (Carl Zeiss, Inc., New York). Insertion of crossed Polaroid polarizers (Polaroid Corp., Cambridge, Mass.) into the optical system allowed us to study birefringent material. Birefringent sign could be determined by insertion of a quarter-wavelength plate into the system. The microscope stage consisted of a large brass block through which thermally controlled water circulated. A microscope slide was placed in a groove on the stage and covered with a brass plate that made thermal contact with the stage. The stage itself was mounted on a Lucite block that provided thermal insulation from the microscope. The specimen temperature was calibrated from the measurement of melting temperatures of compounds whose melting points. were determined independently. Regulation was +0.2°C near 37°C.
Thermal scans. Unstained, unfixed frozen sections, when first examined at room temperature under polarized light, contained a substantial amount of birefringent material. Most of the material was composed of irregularly shaped objects about the size of droplets and was distributed in the approximate locations of the clusters observed in subsequent scans. There were only a few spherulites or droplets exhibiting formee crosses in the field. If the sample was then heated until all the birefringent material melted (42-45°C) and then cooled back to room temperature, most of the birefringence would return, but this time there would be many spherulites exhibiting formee cross patterns." What appeared to have happened was that droplets that crystallized during the quick-freeze step melted monotropically4 to the isotropic liquid phase upon heating. After cooling they organized into mesophase states, and subsequent thermal scans revealed the mesophase transition temperatures of the droplets. A comparison of fields before and after the melting step revealed no change in the general distribution of birefringent material in the tissue, except that crystals were replaced by droplets. Although it is not possible to exclude it absolutely, it appeared that the crystals did not, in general, merge to give larger droplets; there was no rearrangement of cluster boundaries. Droplets observed in freshly autopsied material that had never been frozen were shown by X-ray diffraction to be in the smectic state and not in a crystalline state (3). Thus, it seems reasonable to suppose that heating scans subsequent to the first one reveal phase behavior more closely resembling the state in vivo than first heating scans after freezing. Hence, statistical analyses were performed on subsequent heating scans rather than initial ones.
Thermal scans were usually started at about 25°C. The section was mounted on a microscope slide under a coverslip with glycerol. Thus, the specimen was not directly exposed to the atmosphere and oxidative degradation was kept at a minimum. The sample was photographed, heated by an increment of 1.5-2.0°C, and photographed again. It took less than a minute to heat the sample 2°C. Nevertheless, at least 5 min was allowed for the system to come to equilibrium after each heating increment. Photographs as a function of time revealed no further changes upon prolonged equilibration. The procedure was repeated until all the droplets melted and then the system was cooled back to the initial temperature. Cooling took about 30 min. Afterwards, the sample was photographed to demonstrate the reversibility of the phase transitions. A scan takes about 2 h to perform. The last scan was completed within 15 h of autopsy.
Data analysis. Pictures of the scan were taken on blackand-white film. Three types of birefringent patterns emerged: sharp bright spots, formee cross patterns (which we call droplets), and diffuse, amorphous birefringence (see Fig. 2 ). Patterns exhibiting the formee cross have in general proved to be positively birefringent (7), although not all droplets in the present study were examined with respect to sign. This information, when combined with X-ray measurements, has demonstrated a smectic organization. However, the possible existence of droplets in the nematic phase cannot be absolutely excluded, since diffraction studies are insensitive to the presence of such structures in tissues (3).
We interpret the droplets (having the formee cross) as being in the smectic state, although the arguments of this paper do not depend on the correctness of such an interpretation. The sharp spots probably arose from small smec-'A few droplets exhibiting formee cross patterns were observed to form from birefringent material during heating. Presumably this was due to the enantiotropic melting of a few crystals to the smectic mesophase state.
'See ref. 6 for a discussion of monotropism.
tic droplets and the amorphous material was unidentifiable but possibly material organized in the cholesteric phase (3).
The birefringent droplets were often observed to be aggregated. If three or more spots or droplets were aggregated into an area smaller than 20 X 20 Am (the size of a foam cell), the aggregation was called a cluster. In some cases there were huge birefringent accumulations that consisted of many small droplets and spots or one to several large droplets (10) (11) (12) (13) (14) (15) Am in diameter) or just a large continuous irregularly shaped birefringent mass, 20-30 ,Am across. Such accumulations were classified as lipid pools. Finally, spots or droplets that did not appear in a clearly definable cluster were called isolated spots or droplets.
We interpreted both the loss of birefringent activity of a spot and the deformation of the formee cross in a droplet as arising from the melt of either object from the smectic to a less ordered phase. Since the diffuse, amorphous birefringent material probably was not in the smectic state, the loss of its birefringence corresponds to a different phase transition. Hence, amorphous component melting behavior was deleted from statistical treatments. The size and smectic melting poinlt of every component was recorded and this irnformation was kept for each aggregation in the field. The melting temperature of a cluster was defined as the average melting temperature of its components.
Clusters might correspond to intracellular deposits. Although the definition of a cluster is somewhat qualitative, in most cases, cluster boundaries were quite obvious (Fig.  2) . The lipid pools consisting of many spots and droplets might be either extracellular deposits or the intracellular deposits of several aggregated cells. The melting points of the components of such aggregations were included for overall microscopic field analysis; however, because only a few of these aggregations were observed, they were not analyzed further. Lipid pools consisting of huge (> 10 ,um) droplets and spots or the large, irregular-shaped continuous lipid pools could be extracellular deposits; alternatively, they could be artifacts arising from knife smears or from the freeze-melt preparation procedure. These lipid pools were deleted from our statistical treatments. Lipid pools were predominant in some fields. Many fields had none. The birefringent areas not excluded on the basis of the above criteria were used in the statistical analyses. The compositional variability within clusters was analyzed by comparing the melting points of the component droplets and spots of one cluster with those of all the droplets and spots in the photographic field surrounding the cluster. Statistically the comparison was made between the standard deviation from the mean melting temperature of the droplets and spots in the field. If the spread of the cluster's R1 & 91,, i& ,
Cluster boundaries. This is the same section as shown in Fig. 1 except that it is under crossed-polarizing illumination. Under these conditions only birefringent material is visible, but there is better sensitivity. Many of the formee-crossed droplets pictured in Fig. 1 have been overexposed here and appear as bright spots. Boundaries have been sketched around droplets showing their apparent clustering. Notice the amorphous material in the large cluster centered at the bottom. This may be material organized in the cholesteric state. Many of the large spots do not exhibit formee crosses simply because they are out of focus. In these thick sections, depth-of-field may be problematic. The bar in the upper left corner delineates 10 jum. component melting point distribution curve was less than that of the field, the cluster component melting distribution was said to be more closely grouped than that of the field. Table II contains the data obtained from a temperature scan. The field contained only one cluster, which consisted of 11 droplets. It was surrounded by 11 isolated droplets and spots. Photographs were taken at approximately 2°C intervals. When a droplet is reported to have melted at 32.50C, it means that its birefringent pattern disappeared within the range from 30.50 to 32.5°C. In this scan an intermediate point was observed at 35.4°C, giving two approximately 10 intervals. The droplets are observed to melt sharply, even within the 10 intervals. Table II (bottom) shows the average melting temperature and the standard deviation for droplets and spots in the cluster only, isolated from the cluster, and in the entire field including the cluster. In this study the standard deviation of the cluster melting components was compared to that of the entire field. In most fields the components of any given cluster constituted only a small percentage of the total droplet and spot popu-lation in the field. Although the melting points of the droplets and spots are not normally distributed, the standard deviation is still a rough measure of the spread of the melting point distribution. The ratio of the standard deviation of the component melting distribution of the field to the standard deviation of the cluster component melting distribution was 3.7/1.8 = 2.1, indicating the close grouping of the cluster component melting points.
The compositional variability among clusters was evaluated by determining the probability of significant difference between two population distributions. There is no a priori reason to assume a normal distribution for the melting points of the droplets and spots. In fact, the overall distribution of melting points for the 599 droplets and spots was skewed, leptokurtotic, and bimodal. Hence, the assumption of normality for parametric testing was not fulfilled by our data and we had to use nonparametric (distribution-free) statistical tests to examine population differences. Our sample populations were often small and unequal. Therefore, we examined population differences using the MannWhitney U test, a powerful nonparametric test applicable to unequal sample sizes and to sample populations as small as three (8) .
64 clusters, composed of 599 droplets and spots, were studied. The clusters examined were from 5 aortas, 7 lesions, and 12 fields.
RESULTS
Frozen sections were prepared from the fatty streak lesions of five aortas and examined with a polarized light microscope. One section appears in Fig. 1 , illuminated with polarized light and a quarter-wavelength plate. The lumen, the intima, and a small part of the media are visible in this photograph. Several birefringent droplets in the tissue displaying formee crosses also appear. When the quarter-wave plate is removed, the background tissue becomes completely dark and only birefringent material is visible (Fig. 2) . The sharp spots and the droplets exhibiting the formee cross configuration are accumulated cholesteryl esters organized in the smectic state. The cluster boundaries for this section have been sketched in Fig. 2 .
Photomicrographs from the thermal scan of this section are shown in Fig. 3 . As the temperature was raised, the crosses deformed and disappeared, and the birefringence became diffuse. This was probably due to a phase transition from the smectic to the cholesteric phase. However, bright-field illumination revealed that the droplets and spots remained intact. As the material was heated further, the birefringent areas vanished (Fig. 3b, c, d ). The esters had melted into the isotropic liquid phase, which is not birefringent. Again, bright-field illumination showed that the droplets remained intact. On cooling, the droplets regained their original birefringent patterns, demonstrating that the phase transitions were reversible (compare Fig. 2 , taken at 25°C after the scan, with Fig. 3a , taken at 27°C before the scan). Although the scan is shown at 4°C intervals, the sections were photographed and analyzed at 20 intervals.
The accumulated lipid droplets appeared to be aggregated into clusters about the size of foam cells. Careful examination of the melting behavior of the field revealed that, for many clusters, the constituent droplets all melted sharply and exhibited similar phase transition temperatures. This gave many clusters a well-defined characteristic transition temperature. However, in the same microscopic field, the characteristic transition temperature varied from cluster to cluster by several degrees.
To substantiate these observations statistically, the photomicrographs clearly required the evolution of a systematic method. The first task was to abstract the information contained in the scanning photomicrographs and to translate it into a usable form for data reduction. Birefringent material was classified by its distribution (clusters, lipid pools, or isolated droplets and spots), and then the clusters and pools were subdivided into their component droplets and spots. The melting characteristics of each of the components were then recorded. The data were used to analyze the distribution of droplet melting points within clusters and to compare droplet melting point distributions from cluster to cluster.
First, we examined whether or not the melting point distribution of the droplets and spots in a cluster was more closely grouped than the melting point distribution of all the droplets and spots in the field (area observed in a scan). The standard deviation of the melting point distribution for the droplets in each cluster was compared with the standard deviation of the melting point distribution for the droplets and spots in the entire The other large droplet melts and the cluster in the lower right melts. Only a few droplets remain unmelted. After the heating scan, the sample was cooled to 250C and the photomicrograph of Fig. 2 was obtained. Comparison of Fig. 2 with Fig. 3a , the initial point of the scan, shows that the droplets and spots returned, thus demonstrating the reversibility of the phase transition. Notice the return of additional droplets not seen at 27°C. Presumably these new droplets melt between 25°C and 27°C. Table IVa and b. The scores have been converted to the probability that the two cluster populations are random samples from an imaginary parent population. If there is only a 5% probability that the two clusters were sampled from the same imaginary parent population, then the two clusters are said to differ significantly at the 5% level of confidence. For instance, in Table IVa there is a 5% probability that cluster A and cluster B are the same. The ratio of the number of significantly different pairs (that is, within the 5% level of confidence) to the ( field aciuser) The cluster name, the number of droplets in the dust (X), their average incting mperture (T.),and the standard deviation of the component meling point distribution for each cluster in the field (q) is given on the left. The probability that a pair of dusts have the same compont meiting point distbution has been determined by the Mann-Whitney U test. This probability for each pair of clustrs isgiven as a percentage on the right. The duster di onsare simply for the dignation secific dusters and do not refer to cluster types.
total number of pairs of clusters in the field is the heterogeneity ratio and gives an index of the amozmt of intercluster heterogeneity in the fiekl These ratios are given in Table V . We found that the heterogenety ratios ranged from 16/28 to 0/36. The average heterogeneity ratio was 0.34.
Although the data is not extensive, it is possible to make general comparisons of the transition behavior of different aortas. We sampled the droplet and spot melting point distribution of an aorta by coining the data from all the fields we investigated in the aorta. Clearly the sampling was problematic, since a disn minority of the lesions in the artery were considered
With this qualification, aorta distributions were compared pairwise by the Mann-Whitney U test and the results are shown in Table VI The component melting point distribution for one cluster in a field was compared to that of another cluster in the field by the Mann-Whitney U Test. The test yields the probability that the two populations are random samples of a larger, imaginary parent population. If the probability is 5% or less, the pair is considered significantly different. All possible pairs of clusters are compared in each field. The heterogeneity ratio is given by the number of pairs significantly different divided by the total number of pairs in the field. For instance, scan 1.1.3 (see Table IVa ) has 16 pairs of clusters whose droplet melting point populations differ significantly at the 5% level of confidence out of a possible 28 pairs of clusters. Its heterogeneity ratio is 16/28.
* (aorta). (lesion). (field).
(Number of pairs significantly different at 5% level)/(total number of pairs tested in the field).
Mapping compositional differences. There is much evidence that the droplet melting temperature reflects the cholesteryl ester fatty acid distribution of the droplets. First, it was shown that the droplets are almost entirely cholesteryl esters (9) . Second, the sharpness of the melt (< 1°C) demonstrates that the droplets are composed of a homogeneous solution capable of a highly cooperative transition. Such a solution would have to be relatively free from impurities that would distort cholesteryl ester mesophases. Krzewski and Porter (12) , studying the binary phase diagrams of three pairs of cholesteryl esters, found that cholesteryl ester mixtures form homogeneous solutions. Third, they also found in binary systems that mesophase transition temperatures are a linear function of molar composition (12) . This suggests that the melting temperature of a multicomponent system would also reflect an averaging of the constituent properties. The smectic transition temperature ranges from 33°C to 39°C for a binary system of cholesteryl linoleate and cholesteryl oleate, the major esters found in atherosclerotic lesions. Addition of other esters could readily extend this range to the 20'C-450C melting range observed for smectic droplets in the tissue.
Although the melting temperature alone may not reveal the chemical composition of the droplet, differences in droplet melting temperatures reveal the presence of compositional differences. Thus, we were able to use the temperature of the transition from the smectic phase to obtain compositional distribution maps of the tissue.
Compositional differences at the cellular level. When visible early fatty streak material was subjected to embedding, sectioning, and staining treatments (which may affect lipid structure), it was possible to differentiate between intracellular and extracellular deposits. Such studies showed that most of the lipid of the visible fatty streak was intracellular (13), a finding confirmed in electron microscope studies (14) . We attempted and failed to stain cell boundaries on parallel sections by localization of the plasma membrane enzyme 5'-nucleotidase (15) . Nevertheless, the droplets in a cluster are about the size of foam cells. Furthermore, the defined clusters seen must arise from some constraining force that localizes them in small areas of the tissue. The obvious existence of constrained regions and the characterizations done by others using light and electron microscopy led us tentatively to conclude for purposes of interpretation that the clusters are intracellular deposits.
Droplets that appeared to be in foam cells also appeared to have similar melting temperatures. For 52% of the clusters, the standard deviation of the cluster component melting distribution was less than half the standard deviation of the overall field component distribution. This implies that in the majority of the foam While the droplet population within a foam cell appeared to be relatively homogeneous, the average melting temperature from foam cell to foam cell often differed by several degrees. To test whether these differences were significant, cluster droplet populations were compared by tests of the null hypothesis. Because no assumptions could be made concerning the melting point distribution of the droplets in the tissue, intercluster heterogeneity was examined by means of nonparametric (distribution-free) statistical methods. Because sample sizes were often small and unequal, the Mann-Whitney U test (8) was used to compare pairs of cluster component melting distributions.
At the 5% level of confidence, 32% of the possible cluster pairs were significantly different for the entire study. One would not necessarily expect 100% heterogeneity from these studies. That there was heterogeneity in every field but one and that in one field it ranged up as high at 57% is significant. This heterogeneity, if intercellular, implies that cells modify their cholesteryl ester fatty acid composition differently. This would argue against a monoclonal origin of foam cells. Alternatively, it may imply that the cells are in different stages of an ester modification process.
The question of intracluster homogeneity and intercluster heterogeneity are related. Since the melting point distribution within most clusters was narrower than the melting point distribution of the surrounding droplets, and since the surrounding droplets included many droplets that constituted other clusters, it is likely that cluster distributions should differ. Our results show that the heterogeneity of cluster behavior is greater than expected from random segregation. If clusters are intracellular deposits, the mechanism producing the heterogeneity may be one or a combination of three possibilities: (a) The cell regulates its droplet composition by the selective uptake of serum lipoproteins of a restricted range of fatty acid spectra. (b) The cell modifies the composition of the droplets through intracellular catabolism and anabolism of cholesteryl esters. (c) The cell incorporates cholesteryl esters during a restricted time period, thus sampling compositional fluctuations in the serum. Others have suggested the existence of cellular mechanismstomodify the cholesteryl ester fatty acid distribution in fatty streak lesions (4, 9, 13). The suggestions were based on the fact that the cholesteryl oleate: cholesteryl linoleate ratio was higher in lipid extracted from fatty streak lesions than in lipids extracted from serum lipoproteins. Postulates for these mechanisms must now explain the existence of compositional heterogeneity as well.
Preliminary examination of droplet melting populations within lesions has revealed the existence of both heterogeneous and homogeneous regions. Furthermore, when droplet melting distributions were compared between lesions of the same aorta, some were found to be heterogeneous. Interlesion heterogeneity suggests that there may be different kinds of lesions or that the lesions may be in different stages of development. Intralesion heterogeneity may arise from the fusion of two different types of lesions or may reflect a lesion in transition from one state to another. Finally, when aorta droplet melting distributions were compared, all aortas in the study differed significantly at the 3% level of confidence. Perhaps this arose from differences in dietary habits and metabolic activities between individuals. Aorta heterogeneity is supported by the Xray diffraction studies (3) . The wide range of average melting temperatures observed for fatty streak materials from different aortas reflects the heterogeneity observed among aorta droplet populations. The present study is too restricted to attempt correlations with epidemiological parameters known to be significant in atherogenesis. A possible future course would be to broaden the study to discover whether, for example, the distribution of transition temperatures in an artery can be related to such parameters.
